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SUMMARY

Advanced diagnostic techniques were applied for the characterization of norequilibrium,
molecular-gas-mixture plasmas to elucidate the fundamental physics and aerodynamics
associated with non-equilibrium air plasmas and the plasma kinetics in molecular-gas- mixture

discharges. Progress made during this research project is summarized below.

Shock Propagation in Plasmas

Low-Mach-number shock waves propagating through a low-pressure, nortequilibrium, positive-
column gas discharge have been observed to experience dispersion and velocity changes. These
effects will be shown to depend on discharge polarity. Optical and electrical measurements will
be described which demonstrate further polarity-dependent effects in discharge light emission
and changes in electrical properties. Using two types of probes, electrical measurements were
made of both the global changes in the discharge voltage and current and in the time-resolved
local-electric-field changes. The measured behavior of the discharge and the shock wave
indicate very localized triple- or quadruple-layer electric sheaths associated with the propagating
shock wave; these sheaths provide local enhanced ionization at the shock front, which can

sustain the discharge--at least during the short shock-propagation time.

He-Metastable Density in a Double Layer

The axial-population-density profile of 2 3S; metastable He was measured in the double layer
formed at an abrupt transition of the tube diameter in a positive column by diode- laser absorption
spectroscopy. The axial profile was aso measured for 3 °D metastable He from spatialy
resolved 3 °D ® 2 3P plasma emission. The triplet- metastable-density profiles were measured
with discharge currents of 1, 2, and 5 mA at 1-Torr pressure for both polarity conditions: a) when
the cathode end of the discharge is in the large-diameter tube and b) when the anode end of the
discharge is in the large-diameter tube. The diode-laser absorption profiles show enhanced

production of triplet metastable He 2 3S; in the double layer region as compared to that in the



unperturbed positive column (small diameter), with the magnitude being strongly dependent on

the discharge polarity.

H-Atom Measurement in a H—N» Pulsed Glow Discharce

The absolute concentration of hydrogen atoms was measured in the positive column of a pulsed
dc discharge by two-photonabsorption laser- induced fluorescence (TALIF) in H; and H,—N2 gas
mixtures at constant pressure and current. The discharge pulse duration was varied from 10 ns to
1 ms. For shorter pulse durations of 10 and 100 ns, the H-atom signal decreased monotonically
with H, concentration; for longer pulse durations of 3 500 ns, the fractional dissociation of the
H, was enhanced with increasing N, concentration. Temporally resolved Hatom-concentration
measurements were made to determine the change in Hatom production from direct-electron
impact dissociation of H, at short times compared to that from multi-quantum vibrational-

energy-transfer- induced dissociation of H; at long times.

INTRODUCTION

Norntequilibrium air plasmas play a significant role in modifying the properties of many
processes crucia to Air-Force interests. Quantitative information on the ionization and
dissociation characteristics of nonrequilibrium glow discharges in air and air mixtures is relevant
to rocket re-entry and boost phase, combustion signatures, laser spikes, plasma cloaking,
enhanced corrosion, ignition of aircraft and missile engines, and aerodynamic drag and shock-
wave reduction. It B imperative that non-equilibrium air plasmas be studied with advanced
diagnostic techniques to aid the understanding of the fundamental physics and fluid dynamics of

these important systems.

While the physics and aerodynamics of shock-wave propagation under thermodynamic-
equilibrium conditions have been studied extensively with regard to problems concerning
gpacecraft re-entry and hypersonic flight, the effects of non-equilibrium conditions have only
recently been examined. The fluid-dynamic behavior of a non-equilibrium gas is characterized

by two features that distinguish it from an equilibrium gas. First, the hydrodynamic movement,



such as shock-wave propagation, couples energy between the internal and the trandation modes.
Since the internal energy distribution in the non-equilibrium air plasma under conditions of
external electrical excitation is significantly different from that in the trandationa mode, the
energy coupling with a positive feedback can transfer energy very efficiently from one mode to
another. An example of this is the enhancement in ionization in a weakly ionized gas at the
expense of shock-wave attenuation. Second, the degree of non-equilibrium can affect the
intensity of heat loss and energy pumping, which determines the non-equilibrium storage of
energy in the internal modes of the gas (vibrational, electronic, and ionization). The joint action
of these two factors can lead to the appearance of new effects--namely, anomalous dispersion
and enhanced attenuation of shock waves. The exact mechanisms responsible for these new

effects in weakly ionized non-equilibrium plasmas, however, are not well understood.

In recent years a number of Russian studies have been published on the experimental
investigation of the propagation of shock waves in non-equilibrium gases.*® In these studies it
was noted that for weakly ionized gases, the propagation of shock waves displayed certain
anomalous behavior--namely, 1) a reduction in the pressure discontinuity at the shock front, 2)
an increase in the velocity and amplitude of acoustic waves within the ionized-gas region (i.e., an
apparent increase in the velocity of sound), and 3) a reduction in drag on spherical bodies,
dthough primarily at lower velocities. For example, Kilmov, et al.! studied the intensity (i.e.,
density vs. time record) of a shock wave (generated in a shock tube) traveling in the cold plasma
of an unsteady glow discharge in air. They found that as the shock wave moves into the plasma,
it undergoes a transformation which includes the splitting of the shock into two waves--a so-
called precursor wave and a residua shock wave. Whereas the velocity of the shock wave was
1400 m/s, the velocity of the precursor wave was 1560 m/s; that is, the two waves separated as
they mowved through the plasma. Furthermore, these investigators reported that the shock wave
was spatially broadened by afactor of ~10, as compared to a shock in unionized air. In addition
to the precursor and residual waves, these authors observed another anomalous feature--a low-
density region (30% below that of the pre-shock gases) that precedes the precursor wave and
which they refer to as the leader wave.



WORK ACCOMPLISHED

Shockwave Propagation in Plasmas

Initially, previous results from this laboratory were reviewed to obtain a better understanding of
the physics of shockwave propagation in plasmas. Quite early it was observed that while the
shockwave was propagating in the discharge plasma, its velocity increased--which was a clear
indication that this effect could not be explained by a thermal gradient in the discharge or at the
interface between plasma and neutral gas. To investigate the thermal properties further, an
equation describing the relation between the Mach numbers on both sides of a tenperature jump
in a shockwave-propagation path and the temperatures on the two sides’ was used to verify our

experimental results:

1
2 Ml(l_ 12) 2 {lele—(gl—l)][(gl—l)M 12+2]>z

+
g1+l M 1 gl_l (gl+ 1)ZM 12
-1
202 .2 %=1\ Te
*|1 — 92+1 2 92+1 — 2 T2M 1 — 1
20, Mlz—gl_l R+rIV T 2 M,

g +1 gr+1

1)

where My and M, are the Mach numbers in the two temperature zones;, g = (N+2)/N, with N
being the number of degrees of freedom of the atoms or molecules, and T; and T, are the gas
temperatures. For our case we assumethat T; = room temperature and 1= ¢ = 1.4. Also we can

relate the velocity in the hot gas to the Mach number in the hot gas:

T2
V,, = M*343 (m/sec)* Vi 2)

The velocities were measured at two positions in a discharge using the setup shown in Fig. 1.
From the difference in time of arrival betweeneach laser pair, the velocity at each position can
be calculated. An example of the laser signalsis shown in Fig. 2. From the measured velocities

for cold gas and for propagation in the plasma, the temperature in the plasma can be obtained as



Schematic of Experiment
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Figure 1. Experimental Setup for Measuring the Local Velocity at Two Positions in the Positive
Column of a Gas Discharge.

well as the corresponding Mach number. The equation isimplicit, and solutions are obtained by
first obtaining a Mach number for an assumed temperature (Iteration 1) and then comparing the
computed velocity with the measured velocity (Iteration 2) until a match is obtained. The results

for adischargein 15-Torr N are shown in Table 1.

While the temperatures at Position 1 are reasonable, a calculated temperature difference of up to
230 deg is present between Positions 1 and 2--clearly not possible in a uniform positive column
for two positions separated by 129 mm. This caculation also shows that the observed
phenomena cannot be caused by thermal effects only.

An interesting facet of the propagation of shock waves in a gas discharge is the behavior of the
discharge itself. It was noticed early in this investigation that the optical radiation of the discharge
was disturbed by the shock wave. This effect must be distinguished from the influence of the spark-
gap/shock-wave generator itself. The spark gap emits copious amounts of vacuum UV, which
generates sizable amounts of ionization (we measured photon-generated currents in the tens of

milliamps). However, thiscurrent pulse or enhanced ionization is short and its effects negligible
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Laser Signals at Positions 40 and 169 mm from the Cathode in 15- Torr N2. Note not
only that the velocities are increasing in the discharge but also that the velocity at the
downstream position, while lower in neutral gas, becomes higher than the upstream
velocity when the discharge is on.

Tablel
Results for 15-Torr N2
Discharge | Velocity [Mach No.| Temperature Velocity |Mach No.| Temperature
Current Pos. 1 Pos. 1 Pos. 1 Pos. 2 Pos. 2 Pos. 2

(mA) (m/s) (K) (m/s) (K)

0 514.5 15 300 487.4 1.421 300
20 577.1 1.459 399.1 581.9 1.37 460
30 613.5 1.437 464.5 609.9 1.357 515.1
40 642.8 1.421 521.5 644.9 1.342 589.1
50 653.3 1.416 542.8 722.0 1.312 772.3




when the shock wave propagates into the discharge. Also, this effect was reduced by inserting a

tubing bend between the spark gap and the discharge tube.

To better understand the optical-emission characteristics of the shock wave in the discharge, a < 1-
mm-wide portion of the discharge axis was imaged on a photomultiplier tube using a vertical dlit.
The spectra response was controlled by a narrow-band filter (337.1 nm for the 0-0 transition of the
N> second-positive system), and the photomultiplier time response was determined using a £ 1-kW
load resistor. Digital filtering was used to reduce the noise in the light signal. The measurements
were performed at four positions along the 200-mm-long discharge, and the time of arrival of the
shock wave was recorded by a separate laser-photodeflection station at the same axial position.

Figure 3 shows measured photomultiplier signals at a discharge current of 100 mA in 10 Torr of Ny
and a pulse energy of 144 J. The solid lines represent data with the discharge cathode near the spark
gap (Case C); the dashed lines indicate results with the anode near the spark gap (Case A). The
distances from the upstream electrode are as indicated in Fig. 3. The measurements very near the
up-stream electrode (8 mm) differ from the other measurements in the positive column of the
discharge. In Case A, avery large light pulse was measured, while for Case C a much smaller--but
also increasing--signal was measured. 1t appears that the light emission in this region remains on for
the entire measurement time. From a point 30 mm into the positive column, in Case C the signal
decreases at the exact moment of shock-wave arrival and with a very sharp fall time. In contrast,
for Case A the signal begins to decrease from the moment the shock enters the positive column; the
decrease is relatively gradual and not correlated with the arrival time of the shock wave. The
decrease in luminosity is almost zero, i.e., the discharge has been amost extinguished temporarily
[this corresponds to the decrease in electron density observed in the microwave-interferometer
measurement (discussed below)]. Later, at random intervals, light peaks appear when the discharge
attempts to switch back on (as also observed for the electron density in the microwave
measurements). The laser signals signifying the arrival of the shock wave indicate timing
differences for the two cases; only a small part of this difference may be ascribed to jitter in the
measurements. For Case A the shock wave consistently arrives later, and the shock-wave speed is
lower. Note that it is the front of the (dispersed) laser signal that correlates with the light signal for
Case C.
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Figure 3. Top- 337.1-nm Spatialy Resolved Light Emission at a Location 36 mm from the
Upstream Electrode and L aser-Photodeflection Signals; Middle - Discharge Voltages,
Bottom- Discharge Currents for Case C (Solid Lines) and Case A (Dashed Lines).
Thetwo vertical lines indicate the time of arrival of the shock wave at the discharge
and at the 36- mm measuring location, respectively.

Because of the differences between Case A and Case C, measurements were also made of the
discharge current and voltage using a lowinductance current-measuring resistor and a high-
voltage probe. It is, of course, understood that the voltage and current measurements are global

and cannot be correlated with the local shock-wave position, except when the shock wave enters
the plasma. Figure 4 displays the results of measurements of the 337.1-nm light emission (top),
the discharge voltage (middle), and discharge current (bottom). Again, the solid curves are for
Case C, and the dashed curves are for Case A. The polarity of the voltage and current curves is
shown in inverted form for Case C. The light measurement was made 36 mm from the upstream
electrode; the discharge conditions were the same as those in Fig. 3. It is obvious that the two

polarity cases exhibit quite different behavior with regard to current and voltage. For Case C
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initially the discharge impedance decreases since the voltage decreases while the current
increases. After only about 100 ns, the impedance increases with increasing voltage and
decreasing current. For Case A the impedance increases immediately upon entrance of the shock
wave into the plasma. The exact shape of the impedance increase (discharge switching off) at
later times is also determined by the unknown regulating characteristics of the current-controlled
power supply; therefore, definite statements concerning the discharge behavior for times later
than 1 ms after shock-wave initiation cannot be made. It appears, however, that sizeable plasma
conductivity is still present milliseconds after shock-wave initiation-again correlating with our

electron-density measurements.

The most important finding from these measurements is that the discharge behavior is very

different for the two polarities. It is quite obvious that the influence of the discharge on the



shock wave is dependent on the direction of the electric field and--even more important--that the
observed dispersion and velocity change of the shock wave in the discharge are, at least in part,
caused by electric-field effects. Apparently in Case C where the cathode-fall region is exposed
to the initially undispersed shock wave, ionization is enhanced for ~ 200 ns. Although this does
not hold for Case A, excitation is enhanced and is restricted to the anode region, as shown by the
very large increase in emission. The most significant effect in both cases is the amost complete

extinction of the positive column. To date, no explanation for these observations has been found.

A double discharge tube was used to study the influence of a shock wave on a discharge when
the shock wave has aready been modified by a previous discharge. The optical and electrical
diagnostics were the same as those employed in the previowsly reported experiment. The
discharge tube (dimensions shown in Fig. 6) was very short, and it quickly became apparent that
the spacing was too small to allow a positive column to develop at the pressures used (the laser
and photomultiplier were located 23 mm from the center electrode). Therefore, the optical
emission from the discharge was significantly reduced, and the signal-to-noise ratio was too
small to permit the measurement of small changes in emission. Also the trave time in the
discharge was too short to permit observation of the smaller changes in emission before arrival
of the shock wave. The only signals that were observed with some degree of accuracy were the
large increases in emission upon re-ignition of the discharge after the shock wave had passed
through. The only useful signals were the changes in anode voltage caused by the shock wave.

Figure 5 shows the anode voltages of the second discharge for 5 and 12-kV capacitor voltage,
with the first discharge off and 50- and 100- mA current. The assignments of the three electrodes
were as follows: cathode - anode - cathode. It can be seen that when the first discharge is
operating, the change in the anode voltage of the second discharge is reduced, with the rate of
reduction increasing with first discharge current. The initial decrease before shock-wave arriva
for the cathode-upstream case (observed previoudly) is absent as a result of the short discharge
length. Figure 6 isaplot of the increase in percent of the discharge voltage caused by the shock
wave for two capacitor voltages at various pressures. While the increase in discharge voltage is
much greater for the higher shock-wave energy, the influence of the first discharge is stronger at

the lower shock-wave energy.
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It was noted earlier that the shock-wave propagation in the direction anode-cathode (Case A) was
dower than in the opposite direction (Case C). This polarity dependence was investigated using
optical and probe methods. The optical setup was the same as that used for previous spatially
and temporaly resolved 337.1-nm emission measurements Figure 7 shows results from
measurements of discharge voltage, discharge current, and 337.1-nm sidelight emission. The
global characteristics of the discharge current and discharge voltage differ for the two polarities,
as previously noted. Remarkably, the local characteristics of 337.1-nm emission also diffe—~but
in another way. A change in emission occurs when the shock wave enters the discharge--for
Case A the emission gradually decreases as the shock progresses; for the opposite polarity (Case
C), the emission increases. As the shock arrives at the photomultiplier location, the emission
becomes amost zero in both cases. Note that for Case A, the arrival time is dlightly later than

for Case C, in accordance with the previous observations. The sudden decrease in emission upon

1
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arrival of the shock wave at the observation point can be explained quite easily by the fact that
behind the shock wave, at avelocity of ~ Mach 1.7, the neutral density n increases by a factor of
three, which greatly decreases the normalized electrical field (E/n)--even for a dight increase in
E. This large decrease in E/n causes a very large decrease in electronic excitation, given the
exponential dependence of the electron-excitation cross sections on E/n. The variations in the
337.1-nm emission before arrival of the shock wave seem to indicate an increase in electric field
for Case C and a decrease for Case A. Note that these local variations of E are opposite to the

global changes in discharge voltage.

To gain further insight into these rather complex relationships, a discharge tube with two electric
probes, separated along the tube axis by 2 cm, was used to measure local floating potentials. The

probes were placed several millimeters radially into the discharge region to avoid measuring
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only the wall potential. Floating-probe measurements are limited by the fact that the probes must
not disturb the discharge by drawing alarge current, i.e., the probes must be small. Drawing a

small (ion) current means that their source impedance for the floating-voltage measurement is
large (when the floating probes were |oaded with one and two high-voltage probes with an input
resstance of 100 MW, this impedance was estimated to be 40 MW). This means, in turn, that
even a 100-MW hight voltage probe will cause an amost 30% error in the measured floating
voltage. In addition, at these impedances the normal high-voltage-probe capacitance will limit
the minimum measurable rise-time to 100 ns. Also the separation of 2 cm will result in
additional distortion of the fast-shock-wave signa if one uses the difference in the two probe

signals to measure the electric field between the two probes.
Figure 8 displays the results of floating-probe measurements for 5-Torr N, at a 60-mA discharge
current. The laser-deflection signals are for the locations in the center between the probes and at

the edge of the downstream electrode. The floating-probe voltages follow the discharge voltage
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until the arrival of the shock wave and then rise sharply, the rise probably being limited by the
factors mentioned above. It is obvious that a fast local change in voltage occurs upon arrival of
the shock wave, indicating that an electric field is associated with the shock front. Note that
before the shock wave arrives, the voltage between the probes increases, in agreement with the
assumption of aslow increase in the electric field based on the emission data. The probe-voltage
difference decreases rapidly as the shock wave passes through the observation region. Figure 8
isfor Case C. For Case A the difference in voltage decreases before arrival of the shock, again
in accordance with the emission data, and also decreases rapidly when the shock wave passes

through the observation region.
As mentioned previously, the emission data after the shock wave passes through the observation

region can be explained, but the behavior prior to this time requires further study. One puzzling

aspect is the fact that the discharge current does not vary significantly during the time when the
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shock wave is passing through the discharge (Fig. 7), even though it is claimed that because of
the rapid decrease in E/n, the electron excitation-and, therefore, the electron ionization-is
reduced considerably. Thisreduction may require the generation of an abundance of electronsin
the shock wave which, while the electron temperature decreases rapidly, must still provide

current continuity.

To this point the electric-field changes caused by the shock wave propagating in the discharge
were determined by electrical wire probes that penetrated into the discharge and measured the
signals with 100-MWinput-resistance high-voltage probes. On closer investigation, with the
high- voltage probes representing a 100-MW load to ground, it was determined that the plasma-
source impedance under these conditions was ~ 40 MW. While this causes an error in the
floating- voltage measurement, the more serious consequence is a very long time constant of ~ 90
ns due to the nontnegligible circuit capacitance. This time constant is, of course, much longer
than the eectric-field change caused by the shock wave passing by the probes. An alternative
method where two parallel copper rings are wrapped around the discharge tube was then
investigated. It was calibrated using a pair of opposed electrodes in a glass tube, which were
connected to a pulsed voltage of 1-kV amplitude. The measured high-voltage pulse at the
electrodes is negative going and has a faster risetime. The spatial resolution of the differentia
probe was tested also, and it was limited; at a 10-mm displacement from the center of the
electrode gap, the measured voltage was 10% of the voltage with the probe directly in the center
of the gap. While the differential-probe spatial resolution is insufficient to resolve the shock-
wave structure, its response time is faster than that of the floating-point voltage probes. In Fig. 9
the signals from the floating probe, differential probe, and 337.1-nm photomultiplier are
compared. The differential probe has a faster response time for the shock-induced electrical-field
change, but its spatia resolution still limits the time response. The fastest response is from the
337.1-nm signdl. It isimportant to note that all three methods have the same basic response: slow
growth (cathode - anode direction) or decrease (anode-cathode direction) in electrica
field/337.1-nm emission when the shock enters the discharge and a sharp decrease when the
shock passes the observation point. The differential-probe response changes in shape but not in

basic features for different locations along the positive column, as shown in Fig. 10.
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and c) 337.1-nm Collimated Sidelight Emission.

A gateable CCD camera with a 1.2-1ms exposure time was used to obtain time-resolved images of
the discharge as the shock wave propagated through it. Figure 11 contains a sequence of images
for a shock propagating from cathode to anode. This sequence had no spectral resolution;
therefore, the nitrogen afterglow is ill visible as it fills the discharge volume, but the more
intense boundary of the active discharge can clearly be observed to recede, as indicated by the
dashed line. In Fig. 12 a sequence for anode-to-cathode shock propagation is shown. The shock
is less clearly defined but still visible during propagation. At later times in the sequence, the
discharge can be seen in the initial stages of re-ignition. Using a blue band-pass optical filter, we
eliminated most of the long-lived radiation, sacrificing signal-to-noise ratio. A cathode-to-anode
shock sequence is shown in Fig. 13. The shock front is much more clearly defined and aso
appears to be flatter. Re-ignition is also shown; here, it appears to begin in the center of the

discharge.
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A striking feature of these sequences is that neither the anode nor the cathode glow seems to
change during the shock traversal. Only at times later than ~ 1 ms does the anode glow appear to
become thinner, indicating that the discharge current remains approximately constant--at least
during the shock-traversal time. This observation is in agreement with the time-resolved
discharge-current measurements that show a current deviation of only ~10% from the dc value
during this time (increasing for the cathode-anode direction and decreasing for the anode-cathode
direction). Since the CCD camera images as well as the previous time-resolved sidelight-
emission measurements indicate an extinction of radiation after passage of the shock, it can be
assumed that volume ionization in the space behind the shock will also cease. On the other hand,
with the discharge current only dlightly affected, the discharge conductivity must remain
approximately constant (the discharge voltage also changes only by ~ 10%). Therefore, the
electron-density decay was investigated more closely.
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For the current discharge conditions, the electrondensity loss will occur predominantly by
recombination and ambipolar radial diffusion to the wall. The electron-continuity equation for

the decaying plasma is then

dne/dt = - ke’ n/Tg 3

where k, is the recombination rate and Ty the ambipolar-diffusion time constant. Obtaining E/n =
2 x 10*® Ven? from electric-field measurements with the electrical probes at a pressure of
5 Torr, the electron drift velocity in nitrogen is determined to be 3 x 10° cm/s. At 4.8-mA/cn?
discharge-current density (100-mA current), this results in an estimated electron density, neo,
before the shock arrival of 10 cm®. The recombination coefficient k is a function of the
electron temperature Te: k- = f(Te)<!, where the value of k; has been given by various authors as
being between - 0.5 and - 1.5. The time constant for ambipolar diffusion is inversely
proportional to Te. In the absence of anapplied electric field, Te rapidly decreases to 0.3 eV; this
lower limit is set by the vibrational temperature, which will decay much more slowly. Figure 14
shows the calculated decays of n. for a predominant ion No* (k, =2 x 107) or N4* (k; = 2 x 10°®)
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and for electron temperatures of 0.1, 0.3, and 1 €V. The solid lines are for an exponent of - 0.5

and the dashed lines for an exponent of - 1.5.

The neutral density increases by a factor of 2.2 for Mach 1.7 after the shock; then, at a maximum
traversal time of 400 ns, n. will have decreased by 4% or 21%, using a Te of 0.3 eV and an
exponent of — 1.5, depending on whether the predominant ion is taken to be N,* or N4*. This
relatively moderate decrease in ne is the consequence of assuming a value for Te that is
considerably above room temperature but lower than the expected T in the presence of an

applied electric field. The long decay time of n. has been observed in microwave-interferometry



measurements that are described below. This maximum decrease of R may be consistent with
the observed decrease in current for the anode-to-cathode direction; it is inconsistent with the
current increase for the cathode-to-anode direction, where the current actually increases during
the shock traversal time. Even more important, with a neutral-density increase by a factor of 2.2
after the passage of the shock, the resultant drop in E/n will reduce the drift velocity to 1.5 x 10°
cm/s. For maintaining approximately the same discharge current, n. must increase by at least a

factor of twol

Time-resolved electron density was measured using a microwave interferometer with an 8 GHz
solid-state source and a focusing-mirror arrangement designed by Prof. J. Verdeyen of the
University of Illinois. The mirror and discharge-tube setup are shown in Fig. 15. It is expected
that the mirror pair, illuminated by the two horn antennas, will have a focusing volume of ~ 3-4
cm, corresponding roughly to one wavelength. The resolution was tested by inserting a Teflon
rod into the discharge tube and moving it across the focus of the mirrors. The measured
interferometer response is shown in Fig. 16 (squares). Also shown isthe derivative of the signal,
corresponding to the actua resolution, and a Gaussian fit to the derivative from which a full-
width at half-maximum value of 4 cm was obtained. This confirms good alignment of the
mirrors and the discharge tube. Since the differential signal from the interferometer was only on
the order of a few millivolts (4-5 mV)--a level insufficient to permit recording on a digita
oscilloscope--a differential amplifier with a bandwidth of > 1 MHz was constructed.

Measurements of the discharge voltage, current, and microwave- interferometer signal are shown
in Fig. 17 for three energy-storage voltages and for shock propagation from anode to cathode.
The laser-photo-deflection signals (bottom, lower diagram) indicate the time at which the shock
passes through the center of the interferometer focal volume. As observed previously for anode-
to-cathode propagation, the discharge voltage increases immediately when the shock wave enters
the discharge; the discharge current also decreases immediately, approaching zero. With
increasing shock strength, the voltage increase (current decrease) accelerates. The interferometer
signals indicate a large increase of electron density upon shock arrival; for the fastest shock
wave, the electron density increases by a factor of ~ 2.2 and then rapidly decays to zero.

Regarding the global discharge voltage and current, the rate of change in local electron density
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Figure 15. Schematic of the Microwave Interferometer, Waveguide Version.

increases with shock strength; the electron-density increase also becomes larger with increasing
shock strength. Since the spatia resolution of the microwave interferometer is an order of
magnitude larger than the width of the shock wave as well as the width of the accompanying
electron-density increase, no accurate estimate of the actual electron density can be made. (The
microwave- interferometer spatial resolution was 4 cm, while the width of the shock wave was
0.2 mm.) Possibly, the increase is larger than the measurement indicates. The electrondensity
increases measured for the corresponding cathode-anode shock-propagation conditions are
~ 14% larger.

The data shown in Fig. 17 were also used to investigate the decay of both discharge current and
electron density for obtaining information on the decay mechanism as well as the plasma
conditions after the traversal of the shock wave in the discharge. The decay portions of the data
for both current and electron density appear to be near linear on a logarithmic display, indicating

an exponential decay--a predominantly diffusion-controlled decay. Curiously, for al shock
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strengths the (local) electron-density decay is faster than the (global) current decay. Normally,
one would expect that during the decay, since the reduced electric-field En decreases, the drift
velocity would also decrease. This would cause the current decay to be faster than the electron
density decay. It is known that the discharge voltage--and, therefore, the E/n--decreases during
the decay of current and electron dersity. One hypothesis is that the displacement current caused
by the space charge associated with and propagating with the shock front is additive with the
discharge current. The problem with this hypothesis is that in order to increase the decaying
discharge current when traveling from anode to cathode, the space charge would have to be

positive.

Previously a simple model was used to compute the electron-density decay in a tubular discharge

due to volume recombination and diffusion losses to the wall*® (see Fig14). Assuming a
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recombination coefficient k=2*10"° (for N4*, since the pressures is above ~ 1 Torr) and pressure
of 6 Torr, corresponding to a density increase of a factor of two behind the shock wave, the
decay was computed for two cases. 1) electron temperature Te=1 eV, initial electron density
n=3*10° cm?® and 2) Te=2 eV, r=10'° cm®. While the electron density for the first case
approximates the actual electron density in our discharge, Te is high since we can assume that Te
rapidly decays to about the long-lived vibrational temperature of ~ 0.3 eV. The computed
decays are compared with the measured decays in a logarithmic plot in Fig. 18. The first case
represents the slower computed decay in Fig. 18--slower than any of the current or density
decays. Also note that its curvature indicates that recombination is a major contributor to the
losses. To simulate a larger loss by diffusion, in the second case the electron temperature and the

initial electron dengity were increased. Even with these high vaues, the computed decay is
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barely as fast as the electron-density decay for the slowest shock wave and still exhibits losses by

recombination. The higher loss rate shown in the experimental results could be caused by loss to

the discharge electrodes. While the E/n decreases behind the shock front as a result of the den

Sty increase, it still remains at least 50% of the original value (assuming a density increase of a

factor of two) and continues to increase. Thus, even with areduced drift velocity, charge-carrier

losses to the electrodes continue but ionization by electron impact does not.

He-Metastable Density in a Double L ayer

The population-density profile of triplet metastable He in the region of a double layer formed at
an abrupt trarsition in the diameter of a gas discharge was measured by laser-diode absorption
and spatialy resolved plasma-induced emission. The double layer thus formed is the transition
region between areas of plasma with different characteristics, such as electron temperature and

electron density, which are functions of the discharge-tube diameter.!*** The change in triplet
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metastable-He population density in the double-layer region when the cathode end of the
discharge was in the large-diameter tube was measured and compared to that when the anode end
of the discharge was in the large-diameter tube. The reduced electric field, E/n could be
determined from these profiles in the region of the double layer since the change in triplet
metastable-He density follows the change in the local electric field and electron density.

A diagram of the experimental arrangement is shown in Fig. 19. The Pyrex discharge cell was
constructed with two concentric tubes of different diameters. To form the double layer, the inner
smaller diameter tube (8-mm o.d., 6-mm i.d., 10-cm length) is sealed inside the larger (30-mm
0.d., 26-mm i.d., 40-cm length) discharge cell such that the discharge is only continuous through
the smaller diameter tube. The 2.5-cm cup el ectrodes are equi-distant from the inner tube in side
arms of the main discharge cell. The diode-laser output enters and exits the discharge cell
through two opposed windows (2.5-cm diameter), positioned such that the window centers are

~3mm from the end of the inner tube. The discharge cell was baked out under high vacuum,
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Figure 19. Schematic Diagram of the Experimental Apparatus. L1 isan aspherical lens; |1 and
12 are iris digphragms; PH1 is a 200-mm pinhole; and PH2 and PH3 are 500-nm
pinholes.
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filled with ultra- high-purity He (99.999%) to 1-Torr pressure, and then sealed. The discharge
voltage was applied from a constant-voltage power supply in series with a 50-kW ballast resistor.
Absorption and emission measurements were performed for fixed discharge currents of 1, 2, and
5mA.

The diode-laser absorptionspectroscopy technique has been described by Millard et al.*® In
brief, the diode-laser wavelength was scanned through the metastable He 2 3S, ® 2 3p;
transitions by externa voltage control of the diode current. The metastable 2 3S; He spatial
profiles were obtained by scanning the discharge cell relative to the laser. The discharge cell
was mounted on a motorized Y-Z trandation stage that could be step scanned in 1 mm
increments. For axia profiles the radial Z position was held fixed while the trandation stage
was step-scanned in the Y-direction. Radial profiles were obtained by scanning the Z position at
fixed Y positions. An InGaAs photodiode detector monitored the transmitted diode-laser signal.
The diode-laser spatial resolution was defined by collimating the laser output with an aspherical
lens (L1) before passing the collimated beam through the series of iris diaphragms and pinholes
(11 through PH2 in Fig. 19). The spatial resolution was roughly 200 nm (determined by PH1).

Three diode-laser transmission signals were recorded at each axial cell position: the metastable-
He absorption signal (l;), a reference absorption signal with the discharge off, (lp), and a
background signal (lp) with the discharge on and the laser blocked. The metastable-He
absorption signal was then (It-1p)/1p. A typical metastable-He transmission spectrum is given in
Fig. 20.

The absorption spectrum was fit using Beer’s law. The transmitted signal is given by
ly=1lp-exp(-s - N -1) (4)

where s is the absorption cross section, N the metastable-He number density, and | the
absorption path length through the discharge. The absorption cross section can be determined

from the spontaneous-emission rate, Az, and is given by

s = Az - (1%/8p f) - /ey - g(n) ()
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Figure 20. Experimental Absorption Spectrum and Simulation of Metastable-He 23S, ® 23Py 1.
Transitions in 1- Torr He at 2-mA Discharge Current. Solid line is the experimental
spectrum, and the dotted curve is the ssmulation.

where Ap; = 1.022x10” s* (from Ref. 16), | the transition wavelength, g and g the upper- and
lower-state degeneracies, respectively, and g(n) an area-normalized Doppler lineshape function.
Since the spatial- number-density distribution N(x,y,z) is not uniform in the discharge, the line-
integrated metastable-He density, N - |, is determined. Along with the line-integrated density, a
Doppler width can be determined from a simultaneous fit of the three transitions in Fig. 20.

The axia profile was measured by stepping the discharge cell, with the motorized translation
stage, relative to the laser position. The cell vertical (Z direction) was held fixed at the center of
the smaller, inner tube as the cell was stepped in the horizontal (Y direction), perpendicular to
the laser axis (X direction). The metastable-He density was messured inside the smaller
diameter tube, through the diameter transition, and in the larger diameter tube, i.e., on both sides
of the abrupt diameter trangition. Axial profiles of metastable-He line-integrated density at 1, 2,
and 5 mA at the cathode end and anode end of the discharge are shown in Figure 21. From the
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Figure 21. Axial Profiles of the Line-Integrated Density of He 3S; for 1-, 2-, and 5-mA

Discharge Currents. Position of the tube-diameter transition is 0 mm. Tube

diameters are indicated in the figure.
figure, it can be seen that the metastable-He density profiles are polarity dependent. For the case
of the anode in the large-diameter-tubing end of the discharge, the 3S; He density is roughly
constant in the smaller diameter tube and then decreases monotonically in the larger diameter
tube. For the case where the cathode is in the large-diameter-tubing end, the S, He density has a
pronounced maximum in the transition region. The 3S; He metastable density is enhanced by a
factor of four for the 5-mA discharge relative to the metastable-He density at the anode end. The
magnitude of the enhancement increases with increasing current, while the position of the peak
in the enhancement decreases with current, i.e., the *S; He density is enhanced to a greater extent

nearer the transition for the higher current discharge.

The 33D He metastable density profile was obtained in much the same way as the 3S; He density
by measuring the plasma emission with a photomultiplier tube (PMT) through a 588-nm
bandpass filter. The photodiode detector in Fig. 19 was replaced with a 1P28 PMT and the
plasma emission viewed through the 500-mm pinhole (PH3), which determined the spatia

resolution of the emission profiles. As in the diode-laser absorption experiments, the discharge



cell was scanned relative to the pinhole/PMT. The axia profiles of the D He for 1, 2, and 5 mA
are shown in Fig. 22. The D He metastable axial profiles exhibit the same behavior as the 3S;
density profiles. The emission profiles are polarity dependent, with the cathode profile showing
an enhancement relative to the anode profile. The maximum in the enhancement is also ~ 1 mm

from the end of the inner tube.
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Figure 22. Axial Emission Profiles of °D He Metastable for 1-, 2-, and 5-mA Discharge
Currents. Position of the tube-diameter transition is 0 mm. Tube diameters are
indicated in the figure.

The axial profiles for both the 3S; and 3D He metastables exhibit polarity-dependent
enhancement of the metastable densities in the region of the double layer formed at the diameter
trangtion. The metastable-He population-density enhancement increases with discharge current
and is evident in the case of the cathode in the larger diameter tube section There is less
metastable He is present, and the radial profiles are not so peaked whenthe anode is in the wider
tube section. From a simple analysis of the metastable-He density measuremerts, the axial
profile of the reduced electric field, E/n, can be estimated, assuming that the electron-energy-
distribution function (eedf) is in equilibrium with the reduced electric field. The triplet
metastable He density can be calculated from a balance equation for the production and loss of



metastable He 23S, atoms.}'®  The triplet metastable He balance equation at steady state is
given by:
DNZ Nyer + Kece e Nie — Kion Ne Nies - Kiier N2 = 0 (6)

where DN? Nye is the triplet metastable-He diffusion loss to the wall (= - D(2.405/r Nye ,
assuming the fundamental diffusion mode). Npe and Nper are the densities of ground- and
triplet- metastable-state He, respectively, while ne is the electron density. kexc IS the rate
coefficient for the production of triplet metastable He; kion is the rate coefficient for ionization
loss of triplet metastable He; and ke is the rate coefficient for the loss of triplet metastable He
by triplet-triplet metastable collisions. The triplet metastable-He diffusion coefficient was taken
from Phelps'®, while the production and loss-rate coefficients of Miller, Verdeyen, and

Cherringtort’ were used.

The reduced electric field can be determined from the scaling relationships of low-pressure He
discharges? in the small- and large-diameter discharge tubes, well away from the tube-diameter
transition The electron density inside the small diameter tube was calculated, assuming current
continuity, from the electron drift velocity in a He gas discharge®* and the reduced electric field
determined from the scaling relationships.?® To simplify the calculation of the reduced electric
field from the measured line-integrated metastable-He density, a constant electron density and a
constant optical path were assumed for all points inside the smaller diameter tube and for 4 mm
past the tube-diameter transition in the wider diameter tube. The excitation (Kexc) and ionization
(kion) rate coefficients in Eq. (6) are functions of the reduced electric field*’, while the
metastable-He loss rate coefficient (kper) is constant.}”° The rate-coefficient data set of Miller,
Verdeyen, and Cherringtont’ was extrapolated to higher values of reduced electric field by fitting
their values to an exponential growth for ke and an exponential rise to a maximum vaue for
kion. The data and extrapolation are shown in Fig. 23. To compare the measured line-integrated
metastable-He density with the metastable-He number density calculated from Eg. (6), the
calculated number density was transformed to a line-integrated density by multiplication with a
derived optical path. The reduced-eectric-field profiles were determined by fitting the measured
metastable-He densities with Eq. (6) by varying the values of the rate coefficients Kexc and Kion
(which are functions of the reduced electric field).
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Figure 23. Triplet-Metastable-He Excitation and lonization Rates. Data points are taken from
Ref. 17, and the solid lines are extrapolations.

The reduced-electric-field axia profiles derived from the metastable-He density profiles are
shown in Fig. 24. The axial profiles for the cathode in the larger diameter tube are shown in Fig.
24a; those for the anode in the wide tube section are shown in Fig. 24b. The axial E/n profile
goes through a maximum in the region of the double layer at the diameter transition when the
cathode is in the wider tube section. A simple, self-consistent explanation for the difference with
discharge polarity of the axial profile of the reduced electric field near the diameter transition
could be that the electric fields are additive in one case and subtractive in the other while
satisfying current continuity requirements imposed by the diameter discontinuity of the positive
column. The local increase in the electric field would then be greater when the cathode is in the

larger diameter tube than when the anode is in the wide section.
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H-Atom Measurement in a Hb—N» Pulsed Glow Discharge

The concentration of H-atoms in a gas discharge can be conveniently measured by two-photort
absorption laser-induced fluorescence (TALIF). Bletzinger and Ganguly used TALIF to
determine the concentration of Hatoms in a H-N, mixture for an inductively coupled helical-
resonator discharge, a paralel-plate rf discharge, and a microwave discharge®® Their results
indicated that the H, dissociation in the Hx-N, gas mixture must involve interactions of

vibrationally and electronically excited N, molecules with the H,.

A fixed-separation, paralel-plate gas-discharge cell was constructed to examine the effect of
pulse duration on H-atom production The main components of the apparatus were the discharge
cell, the electronics, and the probe laser system. The discharge cell was a cylindrical glass cell,
roughly 37 cmin height and 7.5 cm in diameter. Two sets of opposed windows (5-cm diameter),



orthogonal to each other, were located roughly 25 cm from the bottom of the cell; one set of
windows permits passage of the laser through the cell, and the other allows viewing of the laser-
excited fluorescence a plasma emission. The laser entrance and exit windows were made of
high-quality fused silica, and the fluorescence-viewing windows were made of BK-7. The cell
was evacuated through 3.5-cmti.d. glass and metal lines by an Alcatel 5010 drag pump, backed
with an oil-free diaphragm pump. With no gas flowing, the system pumped down to < 1 mTorr.

The discharge gas flows were controlled with flow controllers (MK S Type 1259 flow controller)
and an MKS Type 247C four-channel readout, while the cell pressure was maintained by a
control valve and an exhaust-vave controller (MK S Type 253A and 252, respectively). The cell
pressure was measured with a baratron pressure gauge (MKS Type 102A) whose output was sent
to the valve controller for maintaining a constant pressure in the discharge cell. The gas flow
could be varied from0 to 100 SCCM, and the baratron pressure gauge operated in the range 0-10
Torr. The gases were externally mixed, after the flow controllers, and entered at the top of the
cell through an internal glass-tubing loop with evenly spaced 1-mm holes. Both the H, and the
N> discharge gases were obtained from Matheson (UHP grade, 99.999%).

The discharge electrodes were two aluminum discs, 5 cm in diameter with an inter-electrode
gpacing of 7 cm. The discharge voltage was provided by a current-regulated, pulsed power
supply. The current was adjustable to 1.5 A, and the voltage was adjustable to 12 kV. The pulse
width could be adjusted from 5 ns to 1.1 ms, withpulse rise and fall times of < 0.5 ns (with a5-
kW ballast resistor) and a repetition rate of single shot to 20 Hz.

The H-atom TALIF measurements were performed with a cell pressure of 2.5 Torr, a total gas
flow rate of 40 SCCM, and a constant discharge current of 250 mA. The cell pressure, gas flow
rate, and gas mixture were computer controlled. The duration of the discharge pulse was varied
from 10 ns to 1 ms and synchronized with the laser probe pulse by a Standford Research DG535
delay generator, which was also computer controlled. The hydrogen atoms were probed 20 ns

after the discharge pulse was turned off.



The discharge voltage and current were measured with a high-voltage probe and a current probe
for various cell pressures, electrode spacing, and hydrogen-nitrogen gas mixtures. The cell
pressure was varied from 1 to 4 Torr and the electrode spacing from 4.6 to 9.7 cm, while the
percentage of hydrogen in the gas mixture was 100, 80, 50, and 20. The discharge voltage, at
constant current, varied with cell pressure, electrode spacing, and gas mixture. This variation
was minimized for a cell pressure of 2.5 Torr and electrode spacing of 7.1 cm. It is necessary to
reduce the discharge-power variation as a function of gas mixture to achieve better isolation of
the contribution to hydrogenatom production from heavy-particle collisions in the gas mixtures.
The variation of the discharge voltage with H, fraction for discharge-pulse durations of 10 ns -
1.0 ms was measured with a high voltage probe and is shown in Fig. 25. The discharge voltage
varies only dlightly & 10%) with H fraction in the gas mixture over the entire range of H

fraction in the gas mixture.

The discharge electric field was also determined for the different discharge pulse durations and

gas mixtures used for the H-atom concentration measurements. The discharge cell was modified
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fractiona flow of H, inthe Hx-N» gas mixture.



by replacing the fixed-anode electrode with a movable electrode of the same diameter and made
from the same material. The electrode-gap spacing was then incrementally changed around the
7.1-cm gap used in the Hatom TALIF experiments, and the discharge voltage was measured
with a high-voltage probe. Plots of discharge voltage as a function of gap spacing were linear,
and the slopes of these curves, with 7.1 cm being the center point, determined the electric field.
The determined electric fields are shown in Fig. 26. The 10-, 100-, and 1000-ms pulses
monotonically increase with N2 dilution, and the shapes agree with the calculation of Garscadden
and Nagpal.?®> However, the eectric fields for the 200- and 500-ns pulses decrease with the
addition of N but then monotonically increase with the addition of N,. This effect is not pre-

dicted in the calculation.

The relative Hatom signals were measured as a function of H, fraction in an Ho—N» gas mixture
at a constant pressure and discharge current. Since it is known that H-atom fluorescence is

guenched more by N> than by H,, it was necessary to examine the temporal decay of the H-atom
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Figure 26. Determined Electric Field for the Ho-N, Gas-Mixture Discharge. The ggs pressure
was 2.5 Torr, and the current was 250 mA. The pulse length is the duration of the
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fluorescence for different mixtures of H, in N,. Figure 27 shows the photomultiplier
fluorescence waveform for various gas mixtures of H,—N3, along with a scattered-light waveform
of the 6-ns probe laser. As can be seen in the figure, the Hatom fluorescence signa is just
dightly longer than the scattered-light signal, but no measurable difference is observed under
these experimental conditions among the lifetimes of the fluorescence decays for the gas
mixtures here. Thus, either the system response time is not sufficiently rapid to resolve temporal
changes in the decay or the dominant quencher of the H-atom fluorescence is neither H, nor No.

Since no difference was observed experimentally, no correction was applied.

The H-atoms were measured 20 s after the discharge pulse since this time was sufficiently long

after the pulsethat no plasma-emission background signal remained but sufficiently short that

Signd Waveform

-20 -15 -10 -5 0 5 10 15 20 25 30
Time (nS)

Figure 27. H-AtomFluorescence Waveform for Various Hp-N, Gas Mixtures. Waveform peak
heights were adjusted to the same scale (100, 50, and 20% H,). The waveform with
closed circles (S.L.) was recorded with the discharge off and the probe- laser
scattering from a pin at the focal point of the PMT collection optics. The insetisa
semi-log plot of the decay portion of the waveform. Except for the scattered- light
line, the slopes of the lines for the different gas mixtures are the same within
experimental uncertainty.
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the H-atoms produced by the discharge could not diffuse from the viewing region. This was
verified by observing the temporal decay of the H-atom signal after the discharge was turned off.
The signal was constant for roughly 200 ns after the discharge pulse and then decayed for longer
times, asdisplayed in Figs. 28 and 29. Figure 28 shows the temporal decay of the H-atom signal
200 s after the pulse for different H, — N2 gas mixtures, while Fig. 29 shows the decay up to 5
ms after the pulse for a pure H, discharge. Figure 29 also shows the relative H-atom signalsin a
pure H, discharge for 200-, 500-, and 1000-ns duration discharge pulses. It can be observed that
the Hatom signal from the discharge pulses of various duration (closed diamonds) lies on the
temporal-decay curve of the fixed-pulse-length signal (open circles). Thus, the fact that longer

pulse length signals are lower than the 200- s pul se can be attributed to diffusion.

The background plasma emission during the discharge pulse, viewed by the PMT through a 656-

nm bandpass filter (corresponding to H,; emission), was also recorded for the different discharge-
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Figure 28. Temporal Decay of H-Atom TALIF Signal for Different H—N» Gas Mixtures for a
Cell Pressure of 2.5 Torr and a 500-ns, 250-mA Discharge Pulse. The delay timeis
the time at which the H-atoms were measured after the discharge pulse was turned
off.
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Figure 29. Temporal Decay of the H-Atom TALIF Signal for a 100% Ha, 2.5-Torr, 250- mA
Discharge. The open circles represent the signal decay after the discharge pulse is
turned off for a 200-ns pulse. The closed diamonds correspond to the relative signal
levels of the H-atom, probed 20 s after the discharge pulse is turned off for pulses of
200, 500, and 1000 rrs.

pulse durations. The background plasma emission for 100- and 1000-ns discharge pulses in a
pure H discharge is shown in Fig. 30. The emission for the 1000-ns pulse (solid curve) shows
an initial burst of Hy emission in the first 200 ns, followed by a constant level for the remainder
of the discharge pulse. The 100-ns pulse (dotted curve) has the same shape as the first 100 s of
the longer 1000-1rs pulse before shutting off at 100 ns. The H, emission for all of the pulse
durations used is of the same tempora shape and can be visualized by truncating the 1000-1s
pulse at the appropriate time. From the determined electric field, E/n values can be estimated.
The plasma emission decreases with pulse duration up to 200 ns, as does the electric field. Thus,
for the shorter discharge pulses, it is assumed that gas heating is negligible and that the number
density does not change. At longer times the electric field decreases, but the plasma emission is
constant, which implies that E/n is constant because of a lower number density that results from

gas heeting.
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Figure 30. H,y PlasmaEmission in aH, Discharge for 100- and 1000-ns Discharge Pulses.

Hydrogen dissociation in the mixed- gas discharge was measured with discharge pulse durations
of 10, 100, 200 and 1000 ns (at constant current). The relative Hatom TALIF signal as a
function of H fraction in the H—N> gas mixture is shown in Fig. 31. Although the relative
signa level is lower for the 10-ns-duration discharge pulse than for the 100-1rs pulse (note that
the signal has been magnified 5X in Fig. 31), the two curves are essentially the same; the relative
H-atom signals decrease monotonically with increasing N» fraction in the gas mix. The shapes
of the relative signal curves for the longer duration discharge pulses are not the same as those for
the short pulses (10 and 100 nrs). The H-atom signal initially decreases with the addition of N
and then increases with further addition until it levels off for 10-60% H, in the gas mix for the
1000-ns-duration pulse. For the 200-ns pulse, the signal initially decreases and then increases
with the addition of N, as in the case of the 1000-ns pulse, but the signal decreases again after

reaching a maximum at 60-70% H,. The nearly constant H-atom signa for the 1000-ns pulse
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Figure 31. Relative H-Atom TALIF Signal as aFunction of the Discharge Pulse Duration.
Discharge conditions are the same asin Fig. 25. Note that the signa for the 10-ns
discharge pulse (bottom graph) has been multiplied by 5X to facilitate comparison
with the 100-ns pulse signal.

with 10-60% H; indicates that the fractional dissociation of H; is increasing with N

concentration for the longer pulse.

The relative H-atom TALIF signals for the different discharge pulse durations were calibrated to
an absolute scale with the calculated fractional-power deposition in H dissociatior?* and the
determined E/n values. The fractional powers deposited into different inelastic modes
(electronic, vibration, rotation, and dissociation) in pure H and N, discharges as a function of
E/n are given in Ref. 24. From the discharge conditions the total power was determined for each
pulse duration; with the calculated fractional-power deposition into H dissociation, the energy
density for each pulse was estimated for a pure H, discharge. The H-atom densities for the pure-
H, discharges were calculated, assuming an energy dissipation of 10 eV in H, dissociation. The
results are summarized in Table 2. It was assumed that gas heating for the longer discharge
pulses decreases the volume electric field and that the E/n values are constant for discharge

a4



Table2

Volume Electric Field, E/n Values, Power, and H-Atom Density Obtained
from Calculated Fractional Power Dissipated in H, Dissociation

t (ms) E(V/cm) | En(Td) | P(W/en?) [% P | Ey x10°(Jent) [[H] x10™°(cm®)
10 57+9 70+11 0.73+0.11 | 544 4.0£0.7 0.50+0.08
100 30+14 48+17 0.50+0.18 | 38+12 19.0£0.9 2.4+1.2
200 38+14 47+5 0.48+0.05 | 38+12 36.5+1.2 4.4+1.4
500 14+3 A7+8 0.18+0.04 | 38+12 34.2+1.3 4.2+1.6

1000 14+3 47+3 0.18+0.01 | 38x12 68.4+2.2 8.4+2.8

pulses longer than 200 ns (gas heating lowers the number density at constant pressure) [see the

previous discussion of the observed H, plasma emission (Fig. 30)].

The relative H-atom TALIF signal was then calibrated to the calculated H-atom densities
(derived from the E/n values and fractional-power-deposition calculations) by normalizing the
H-atom TALIF signal for a 10-ns discharge pulse in a pure H, discharge. Negligible gas heating
should occur with a 10-ms discharge pulse; thus, the number density will not be affected by any
temperature rise in the constant-pressure discharge. The Hatom TALIF signals for the other
discharge pulse durations were then scaled from the 10-ns point. The 500- and 1000-ns TALIF
signal levels were corrected for the previousy measured temporal decay of the signal before
being scaled to the absolute number density. The Hatom densities from the fractional-power
calculation and scaled TALIF signals are shown in Fig. 32 and are in excellent agreement. The
relative H-atom TALIF signa for the various discharge pulses as a function of gas mixture was
then calibrated to absolute number density from the 100% H TALIF signals of Fig. 32. The
calibrated Hatom density as a function of discharge pulse length and H fraction is shown in
Fig. 33.

The enhancement of fractional H, dissociation with pulse duration is evident in Fig. 34, where

the H-atom density (as a percentage of H, in the H-N» gas mixture) is shown as a function of

pulse duration and gas mixture. For discharge pulses upto 200 s, the increase with pulse
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Figure 32. H-atom TALIF Signal Calibration for a H, Discharge from a Power-Deposition
Calculation. Therelative TALIF signal and calculated H—atom density were

normalized at 10 ns.
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Figure 33. Absolute H-atom Density as a Function of Discharge Pulse Length in a Ho—N» Pulsed
Discharge.
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Figure 34. Fractional H, Dissociationas a Function of Discharge-Pulse Duration for Different
Gas Mixturesin a H>—N> Discharge.

duration is small, and no dependence on N, concentration is observed; while for longer pulses

where heavy-particle collisions become significant, the increase in the fractional dissociation of

H, with N2 dilution is large.

The absolute dissociation efficiency of H in a steady-state H,—N», gas-mixture discharge has
been measured by Nagpal et al.,>* and their analysis of the energy balance showed that the H
was dissociated via a multi-quantum (dv 3 18) vibrational energy-transfer mechanism with
vibrationally excited ground-state N, (X 1S@,+, v). However, a comparison of the measured H
atom density at 1.0 ns for the 10% H in H—N> gas mixture with calculations of Gorse ard
Capitelli®® shows that the calculated Ny (v 3 18) density buildup by V-V up-pumping is not
sufficiently fast. The calculations were for a pure N, discharge, with conditions similar to those
of the present experiment (E/n = 60 Td, p = 5 Torr). The calculated N, , v = 18, population is
three orders of magnitude lower than the H-atom density, even though the build-up of N
vibrational population would be expected to be dightly faster in the calculation, with a higher



E/n value and pressure, than in the experiment. Thus, it appears that vibrationally excited N,

alone is not responsible for the fractional enhancement in the H, dissociation.

Another possible source of energy for heavy-particle energy-transfer dissociation of H is
vibrational excitation in H,. Although a detailed, self-consistent calculation of the discharge was
beyond the scope of the present study, the trend in the vibrational up-pumping in H, can be
examined by solving a set of vibrational master equations with published V-V and V-T rates.?®%’
The H (v) number densities were estimated by solving the heavy-particle kinetic equations for
H>—H>, N2, and Hatom V-V and V-T energy-transfer collisions. The calculation was for 10%
Hz in Hx-N2, was limitedtov = 0- 6in Hy and v = 0 in Ny, and was further smplified by fixing
the vibrational populations in B, v = 0- 2, and Np, v = 0, at their initial values. The initial
vibrational distributions in H, and N, were assumed to be Boltzmann, with a vibrational
temperature of either 3000 or 3500 K. The temporal evolutions of the H, vibrational populations
for the two initial vibrational temperatures are shown in Fig. 35. The experimental H-atom

densities for 10% H, in Hx-N2 asafunction of pulse duration are shown in Fig. 36 (closed circles
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Figure 35. Temporal Evolution of H, Vibrational Populations for 10% H, in a H,-N, Discharge
for Two Initial Vibrational Temperatures.
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Figure 36. Comparison of the Calculated Temporal Evolution of Hy, v =4 and 5, Vibrational
Populations for Two Initial Vibrational Temperatureswith Experimental H-Atom
Densities.

joined by solid lines) aong with the estimated H, v = 4 and 5, vibrationa populations (open

sguares and triangles, respectively, joined by dashed lines) for both vibrational temperatures.

The calculated H, vibrational densities have been multiplied by two for comparison with the H

atom densities. The population in v = 4 and 5 is just sufficient to account for the experimental

H-atom densities at the lower vibrational temperature, while the populations in bothv =4 and 5

are well above the H-atom densities.

Reaction cross sections for H dissociation were calculated from the measured rate of Hatom
production at 1.0 ns and the calculated vibrational population densities in H, and N,. The H
vibrational populations were from the present calculation, and the N, vibrational populations
were taken from Ref. 25. The cross sections were calculated for Hp, v = 4, with Ny, v = 10, and
Hz, v = 5, with Ny, v = 8, and a gas trandational temperature of 400 K. A cross section for a
hard-sphere collision of H, and N, with molecular diameters of 2.4 A and 3.2 A, respectively,

was also calculated. The results are given in Table3. Comparison of the determined cross



Table3

Cross Sections for H, Dissociation Determined with Calculated Ha
Vibrational Population Densities Compared to Those Determined
with a Hard- Sphere Calculation.

Cross Section (10 ~° cnt)

Initial T, (K) (4,10)2 (5,8
3000 13 3
3500 4 0.5

Hard-sphere® 6

& (v, V') corresponds to H, and N, vibrationa quantum numbers [Ha(v), Na(V')],
respectively.

P Hard-sphere cross section calculated with H, and N, molecular diameters of 2.4 A and 3.2 A,
respectively.

sections and the hard-sphere cross section shows them to be comparable in size. Only the cross
section for Hy, v =5, and N, v = 8, and an initia vibrational temperature of 3000 K is less than
the hard-sphere cross section. Thus, a Hp vibrational distribution that is intermediate between the
calculated distributions could account for the experimentaly determined H-atom densities.
These results suggest that vibrationally excited H, v 3 4, and N», v 3 8, may be responsible for
the H-atom production through heavy-particle energy-transfer processes in a short-duration
pulsed discharge where heavy-particle energy-transfer processes have not reached steady-state

equilibrium conditions.
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